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Scalar and velocity measurements are reported for two turbulent jet flames of CO/H,/N, (40/30/30 volume
percent) having the same jet Reynolds number of 16,700 but different nozzle diameters (4.58 mm and 7.72 mm).
Simultaneous measurements of temperature, the major species, OH, and NO are obtained using the
combination of Rayleigh scattering, Raman scattering, and laser-induced fluorescence. Three-component
laser-Doppler velocimetry measurements on the same flames were performed at ETH Zurich and are reported
separately. This paper focuses on the scalar results but includes some limited velocity data. Axial profiles of
mixture fraction, major species mole fractions, and velocity in these two flames are in close agreement when
streamwise distance is scaled by nozzle diameter. However, OH mole fractions are lower and NO mole fractions
are higher near the stoichiometric flame length in the larger flame due to the lower scalar dissipation rates and
longer residence times. Turbulent flame measurements are compared with steady strained laminar flame
calculations. Laminar calculations show remarkably close agreement with measured conditional means of the
major species when all diffusivities are set equal to the thermal diffusivity. In contrast, laminar flame
calculations that include the normal Chemkin treatment of molecular transport are clearly inconsistent with the
measurements. These results suggest that turbulent stirring has a greater influence than molecular diffusion in
determining major species concentrations at the flow conditions and locations considered in the present
experiments, which begin at an axial distance of 20 nozzle diameters. Analysis of the conditional statistics of the
differential diffusion parameter supports this conclusion, though some evidence of differential diffusion is
observed. With regard to validation of turbulent combustion models, this data set provides a target that retains
the geometric simplicity of the unpiloted jet flame in coflow, while including a chemical kinetic system of
intermediate complexity between hydrogen flames and the simplest hydrocarbon flames. Aspects of the
measurements, including Favre-averaged profiles, conditional statistics, mixture fraction pdf’s, and departures
from partial equilibrium, are presented and discussed in terms or their relevance to the testing of turbulent
combustion submodels. The complete data are available on the World Wide Web for use in model validation
studies. © 2000 by The Combustion Institute

INTRODUCTION

Detailed scalar and velocity data sets are essen-
tial for the process of testing and improving
computational models for turbulent nonpre-
mixed combustion. Laser diagnostics can pro-
vide nonintrusive measurements of the instan-
taneous velocities and species concentrations,
and statistical information from such measure-
ments may be used to evaluate a variety of
modeling approaches. Despite the very produc-
tive history of laser diagnostics in combustion,
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the number of data sets available in the litera-
ture that are appropriate for the quantitative
evaluation of fundamental aspects of turbulent
combustion models is relatively small. It is im-
portant for such data sets to include well-
defined boundary conditions and relatively sim-
ple geometric configurations. It is also
important that both velocity and scalar mea-
surements be available for the same flames.
Multicomponent velocity measurements are
preferable, as are multiscalar measurements
that include minor species. Minor species, such
as combustion intermediates, radicals, and pol-
lutants, tend to be sensitive to the details of
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interactions between fluid dynamics and chem-
ical kinetics. Consequently, measurements of
minor species can provide information on the
fundamental nature of these interactions, and
the prediction of minor species along with ve-
locity, temperature, and major species consti-
tutes a useful test of combustion models.

There are at least three detailed scalar and
velocity data sets for hydrogen jet flames [1-4].
Model calculations of some of these flames have
been compared [5-7], and it appears that state-
of-the-art models are capable of yielding accu-
rate calculations of such flames, including diffi-
cult details such as nitric oxide formation. The
present paper focuses on simple, attached jet
flames of 40% CO/30% H,/30% N, (also re-
ferred to as syngas in the literature), which add
a modest increment in chemical kinetic com-
plexity, while retaining the simple geometry of
the hydrogen jet flames. This study is part of a
larger collaborative effort under the framework
of the International Workshop on Measure-
ment and Computation of Turbulent Nonpre-
mixed Flames (TNF) [4] to develop a library of
well-documented data sets that covers a pro-
gression in geometric and chemical kinetic com-
plexity.

The fuel combination of carbon monoxide
and hydrogen allows for the study of interac-
tions of turbulent mixing and chemical reaction
over a range of chemical time scales, including
those associated with the binary reactions of the
hydrogen—oxygen system, the oxidation of CO,
the decay of OH through the three-body recom-
bination reactions, and the thermal formation
of nitric oxide. The flames considered here do
not exhibit localized extinction or liftoff. There-
fore, they can be addressed by a wide range of
modeling approaches.

Reviews of the available experimental data
sets on turbulent nonpremixed flames have
been provided by Strahle [8], Faeth and Sam-
uelsen [9], Drake and Kollmann [10], and more
recently by Masri et al. [11]. Several experi-
ments involving simultaneous multiscalar mea-
surements based on Raman/Rayleigh or Ra-
man/Rayleigh/LIF (laser-induced fluorescence)
techniques have been conducted on flames hav-
ing CO as a major fuel component. These
include studies of piloted and bluff-body stabi-
lized flames of CO/H,/N, by Masri and Dibble
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[12] and Correa and Gulati [13, 14]. The paper
by Masri et al. [15] on hydrogen jet flames
diluted with CO, is closely related, in a chemical
kinetic sense, because the CO, is partially con-
verted to CO at high temperatures within the
flame. These experimental studies have pro-
vided useful insights on turbulence—chemistry
interactions, particularly with regard to differ-
ences in extinction behavior among flames of
H,, CO/H,, and hydrocarbon fuels. However,
they are of limited utility with regard to rigor-
ous, quantitative testing of turbulent combus-
tion models because of the lack of complemen-
tary information on the velocity field.

We believe that the present data set has
sufficient completeness and accuracy to make it
useful for quantitative testing of turbulent com-
bustion models. Raman/Rayleigh/LIF experi-
ments were conducted at Sandia and include
simultaneous point measurements of tempera-
ture, N,, O,, CO, H,, CO,, H,0, OH, and NO.
Subsequently, through the collaborative frame-
work of the TNF Workshop, three-component
laser-Doppler velocity (LDV) measurements
were undertaken at ETH Zurich, Switzerland,
and those experiments are reported separately
by Flury [16]. The present paper focuses on the
scalar measurements and includes only limited
velocity data. Complete scalar and velocity data,
together with documentation on boundary con-
ditions and experimental uncertainties, are
available on the Internet [17].

The following sections provide a description
of experimental methods for the scalar mea-
surements and present results in several forms,
including averaged profiles, conditional statis-
tics, probability density functions (pdf’s), and
derived quantities related to differential diffu-
sion, and partial equilibrium. Measured condi-
tional means are compared with steady laminar
flame calculations to extract insights on the
relative importance of turbulent stirring and
molecular diffusion in determining the scalar
structure of these flames.

EXPERIMENTAL METHODS AND
MEASUREMENT UNCERTAINTIES

Multiscalar experiments were conducted in the
Turbulent Diffusion Flame (TDF) laboratory at
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Sandia’s Combustion Research Facility. The
flow facility, diagnostic systems, and calibration
procedures have been described in previous
publications [18-20]. The combination of spon-
taneous Raman scattering and Rayleigh scatter-
ing was used to measure the major species
concentrations (N,, O,, CO, H,, CO,, H,0) and
temperature. Linear LIF was used to measure
the concentrations of OH and NO. Fluores-
cence signals were corrected on a shot-to-shot
basis for variations in the Boltzmann fraction
and collisional quenching rate, based on mea-
sured temperature and major species concen-
trations in the probe volume. Collisional
quenching cross sections for OH and NO were
based on the work of Paul et al. [21, 22]. Spatial
resolution of the scalar measurements was
roughly 0.75 mm.

A system for two-photon LIF of CO was also
implemented for this study, and part of the
original motivation for investigating turbulent
CO/H,/N, flames was to allow direct compari-
son of the CO fluorescence and CO Raman
methods in flames with a wide range of CO
concentrations and without interferences from
hydrocarbons. However, the signal-to-noise ra-
tio (SNR) for the CO LIF measurements in the
turbulent CO/H,/N, flames was worse than for
the Raman measurements, even though the LIF
technique showed superior SNR in cold flows
and calibration flames. The reasons are not
known at this time. Beam steering effects and
the differences in spatial resolution (beam di-
ameters) were considered as possible causes,
but tests showed that results were insensitive to
these effects. This excess noise problem is not
observed in turbulent methane flames [23]. CO
results included in this paper are from Raman
scattering measurements.

The precision of the scalar measurements is
represented Fig. 1, which shows results of pro-
cessed data from a series of CO/H,—air flat
flames (50/50 fuel mixture) operated on a
Hencken burner [19]. The symbols show mean
temperature and species mole fractions from
each operating condition of the burner, and
each symbol is surrounded by an ellipse having
major and minor axes of twice the standard
deviations (*o) of the scalar and the mixture
fraction. The standard deviations in these cali-
brations may be used to estimate the contribu-
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Fig. 1. Measured temperature and species mole fractions in
the product gases above a series of CO/H,—air calibration
flames stabilized on a Hencken burner. Symbols show mean
values from the Raman/Rayleigh/LIF data reduction pro-
cess. Ellipses show standard deviations (*o) for single-shot
measurements of the scalars and for the resultant mixture
fraction at each calibration condition.

tion of random error (primarily shot noise) to
the conditional fluctuations reported below.
Representative values of precision are listed in
Table 1 for specific flame conditions.
Estimates of systematic uncertainties (abso-
lute accuracy of averaged values) are also listed
in Table 1 and are based on analysis of the
calibration methods, repeatability of calibra-
tions, considerations of calibration drift, allow-
ances for greater uncertainties within the inter-
polated regions (approx. 900 K to 1600 K) of the
calibration curves for H, and CO, and uncer-
tainties in gas flow rates. Flow controllers were

TABLE 1

Standard Deviations of Scalars Measured in Flat Flames
and Estimated Systematic Uncertainties

o Conditions Systematic
Scalar (rms) (mass fraction, T) Uncertainty
T 1% 2140 K¢ 2%
Y, 2% 0.73, 2140 K* 3%
Y0 5% 0.12, 2140 K¢ 3-5%
Yco, 6% 0.14, 2140 K* 3-5%
Yeco 13% 0.062, 2020 K® 5-10%
Yh, 17% 0.003, 2020 K® 5-10%
You 8% 0.0016, 2140 K* 10%
Yro 10% 8 ppm, 1760 K¢ 10-15%

“ Premixed CH,/air, ¢ = 0.96, uncooled (Hencken)
burner.

> Premixed CH,/air, ¢ = 1.27, uncooled (Hencken)
burner.

¢ Premixed CH,/O,/N,, ¢ = 0.72, cooled (McKenna)
burner.
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Fig. 2. Processed mean values of temperature and concen-
tration in the CO/H,—air Hencken-burner flames. Error
bars show estimated systematic uncertainties, as listed in
Table 1. Solid lines connect nonadiabatic equilibrium values
calculated at the measured Rayleigh temperatures.

calibrated using laminar flow elements (Meriam
Instrument), and these calibrations were repeat-
able to within =1% over the range of flows used
in the present experiments. The estimated un-
certainties in averaged temperature and con-
centration measurements are illustrated in Fig.
2. Here, averaged results are plotted versus the
equivalence ratio for 18 CO/H,—air flame con-
ditions. The lower values from Table 1 are
plotted as error bars. Where no error bars are
visible the uncertainty is represented approxi-
mately by the size of the plotting symbol. The
solid curves in Fig. 2 show results of nonadia-
batic equilibrium calculations computed at tem-
peratures representing the average Rayleigh
temperature from several -calibration sets.
These averaged Rayleigh temperatures are
about 50 K below adiabatic equilibrium in these
calibration flames. The OH calibration is based
on independent laser absorption measurements
in a CH,—air flame, and this is consistent with
the calculated nonadiabatic equilibrium OH
levels in the CO/H,—air flames, as shown in Fig.
2.

Experiments were conducted on two jet
flames with different nozzle diameters but equal
Reynolds numbers based on the cold-jet exit
conditions. The fuel composition for both
flames was 40% CO, 30% H,, and 30% N, by
volume. Nozzle dimensions and jet flow condi-
tions are listed in Table 2. The nozzles were
constructed from straight tubing with squared-
off ends. The thick wall of the tubing provided a
small recirculation zone that helped to stabilize
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TABLE 2

Nozzle Dimensions and Flow Conditions”

d, Nozzle ID Nozzle OD U.

jet
Flame (mm) (mm) (m/s) Reje,
A 4.58 6.34 76.0 1.5 ~16,700
B 7.72 9.46 45.0=*x09 ~16,700

“Re = U.,d/v, where v = 2.083 X 107> m?s.

jet!

the flames without a pilot. This experimental
convenience may lead to computational incon-
venience, in that most turbulence models would
not be expected to resolve the details of the
near-nozzle flow. However, we do not expect
this to be a significant liability for these data.
The flames were unconfined, and each burner
tube was mounted such that the flame base was
above the level of the 30-cm by 30-cm exit of the
wind tunnel. The coflow air conditions were
0.75 m/s = 0.05 m/s velocity, 290 K = 2 K
temperature, 0.012 = 0.002 mole fraction of
H,O vapor, and 100.6 = 0.4 kPa pressure.

RESULTS AND DISCUSSION

Both flames appeared to be fully attached to the
nozzle, and there is no evidence in the data that
oxygen is entrained into the fuel jet through
extinguished zones near the nozzle. Axial pro-
files were obtained in both flames and include
measurements from x/d = 20 tox/d = 75 with
steps of 5d, where d is the nozzle inner diame-
ter. Radial profiles were obtained at axial posi-
tions of x/d = 20, 30, 40, 50, and 60 in each
flame. Typically, 800 to 1000 shots were col-
lected at each location in these profiles. Mea-
surements were not taken closer to the nozzle
due to considerations of spatial resolution. The
smallest scalar length scale, Az, was estimated
following the approach outlined by Smith et al.
[24]. At x/d = 20 in the smaller flame the
estimated Ag is approximately equal to the
0.75-mm size of the laser probe volume. Better
spatial resolution is achieved further down-
stream and in the larger flame. There may be
some influence of spatial averaging on the mea-
surements, but we would not expect this to alter
any of the conclusions of this paper.

The sections that follow report Favre- and
conditionally averaged mole fractions of the
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measured scalars, as well as several derived
quantities based on measured mass fractions.
The data base available on the web includes
Favre, Reynolds, and conditional statistics of
both mole fractions and mass fractions. In ad-

dition, the complete files of single-shot mass
fractions and mole fractions are available.

Here and in the archived data files the mix-
ture fraction is calculated from the data follow-
ing the method of Bilger et al. [25].

2Yc—Ye)we+ (Y= Yy 2wy — (Yo — Yoo)/wo

F_

a 2Ycqr = Ye)we+ (Y — Yy 2wy — (Yo — Yoo)iwo’

where Y’s are elemental mass fractions of car-
bon, hydrogen, and oxygen; w’s are atomic
weights; and the subscripts 1 and 2 refer to the
fuel stream and coflowing air stream, respec-
tively. The fuel and air boundary conditions for
the elemental mass fractions are listed in Table
3. Bilger’s formulation preserves the stoichio-
metric value of the mixture fraction, indepen-
dent of the effects of differential molecular
diffusion. The stoichiometric value of the mix-
ture fraction, F, is 0.295 in the present flames.

Axial and Radial Profiles

Axial (centerline) profiles of Favre-averaged
mixture fraction, temperature, and species mole
fractions are plotted in Fig. 3 (left side) for the
two flames, with the axial coordinate, x, normal-
ized by nozzle diameter, d. In these fully con-
nected flames with low coflow velocity, the
scaling by nozzle diameter works well for all
measured scalars except for the mole fractions
of OH and NO. The OH and NO mole fractions
are more strongly influenced by local scalar
dissipation and by convective residence time
than are temperature and the major species
concentrations. Consequently, OH mole frac-
tions are 20-25% lower in flame B than in flame
A, and NO levels are about 40% higher. It is this
greater sensitivity of some minor species to
fluid-dynamic scaling that makes them useful
for the evaluation of turbulent combustion

TABLE 3

Elemental Mass Fraction Boundary Conditions®

Stream Ye Yy Yo
Fuel, 1 0.2377  0.0299 0.3167
Coflow, 2 0.0 7.7 % 10°* 0.2356

“ Coflow humidity included, CO, content in air neglected,
balance is N..

models. Axial profiles of scalar fluctuations are
also plotted in Fig. 3 (right side). Again, the
scaling of axial distance by nozzle diameter
demonstrates the similarity of the two flames.
Note also that the fluctuations in temperature,
H,O0, and CO, pass through local minima at the
streamwise locations where the corresponding
mean values reach their peaks.

Radial profiles of Favre-averaged scalars at
streamwise locations of x/d = 20 and x/d = 50
are plotted in Fig. 4. Again the simple scaling by
nozzle diameter works well for temperature and
major species in these flames. However, OH
levels are lower and NO levels are higher in
flame B than in flame A, due to the lower scalar
dissipation rates and longer residence times in
the larger flame. Axial and radial profiles of the
normalized mean and fluctuation of the
streamwise component of velocity, as re-
ported by Flury [16], are shown in Figs. 5 and
6 to emphasize the availability of velocity
measurements in these flames. The archive
[17] of velocity data includes axial profiles and
radial profiles at x/d = 0, 10, 20, 30, 40, 50, and
60 in each flame.

Axial and radial profiles of velocity and sca-
lars provide an important first level of informa-
tion on jet flame structure that may be used in
the testing and evaluation of turbulent combus-
tion models. However, such profiles yield little
information on the details of the relationships
among species and the influence of turbulence
on scalar transport and reaction progress. Con-
sequently, these profiles are necessary but not
sufficient for the establishment of a complete
quantitative understanding of the capabilities
and limitations of turbulent combustion models,
nor are such profiles particularly useful for
developing fundamental insights on the effects
of turbulence-chemistry interactions. Issues of
chemistry and turbulence-chemistry interac-
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Fig. 3. Axial profiles of Favre-averaged scalars (left side) and rms fluctuations (right side) for the two flames, A (solid lines)

and B (dashed lines).

tions may be better explored in mixture-fraction
space, as is done in the following sections.

Conditional Statistics and Issues of Scalar
Transport

In the present flames there is no evidence of
localized extinction at the measured locations
or of the entrainment of oxygen into the fuel jet
through extinguished or lifted regions at the
flame base. This is demonstrated in Fig. 7, which
is a scatter plot of temperature and the mole
fraction of O,. In these fully connected flames
the scalar structure in mixture-fraction space
may be represented conveniently by the condi-
tional mean and rms fluctuation, rather than the

complete scatter plots or pdf’s. As an illustra-
tion, Fig. 8 shows the conditional means of
temperature and O, mole fraction correspond-
ing to the scatter data in Fig. 7, with the
conditional rms fluctuations (*o) plotted as
“error” bars. Conditional statistics presented in
this paper are determined using all data from a
given radial profile. Previous work has shown
some radial dependence of the conditional sta-
tistics in hydrogen jet flames, particularly in the
upstream region of the flame, and we will
consider this detail later in this paper.

Scatter data and conditional means of scalars
measured in turbulent flames have often been
compared with results of steady, strained, lam-
inar flame calculations. Initial comparisons for
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these CO/H,/N, flames, using the CO mecha-
nism from Peters and Rogg [26], revealed large
differences between measurements and laminar
calculations that included the Chemkin treat-
ment of species transport. This was true for all
measured locations in both turbulent flames.
Laminar calculations were repeated with all
species diffusivities set equal to the thermal
diffusivity, and results of both sets of calcula-
tions are shown in Fig. 9. The different treat-
ments of scalar transport result in large differ-
ences in the mole fractions of H,, CO, H,O, and
CO,. The most obvious effect is that the H,O/
CO, ratio decreases by roughly a factor of 2
near the stoichiometric value of the mixture
fraction when equal diffusivities are prescribed.
Values of scalar dissipation at the stoichiomet-
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ric condition are given in Table 4 for all cases.
Note that the scalar dissipation values in the
flames with equal diffusivities are about 50%
higher than in the corresponding flames with
the normal Chemkin treatment of molecular
transport. This is related to the fact that, in the
presence of differential diffusion, scalar dissipa-
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Fig. 7. Scatter plot of single-shot temperature and O,
measurements in flame A at x/d = 20, including approxi-
mately 15,000 samples from the complete radial profile. The
vertical dashed line indicates the stoichiometric value of the
mixture fraction.
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TABLE 4
Scalar Dissipation Rates at Stoichiometric in the Laminar
Flames
Strain Parameter, a (s™') 10 100 400
Xso Full transport (s™') 3.0 30 120
X« Equal diffusivities (s™') 4.6 46 184

tion is sensitive to the definition of mixture
fraction.

The equal diffusivity calculations yield better
agreement with the measurements. This is illus-
trated in Fig. 10, which compares measurements
from flame A at x/d = 30 with the two types of
laminar calculations, both with strain parameter
a = 100 s~'. Comparison of the measured and
calculated H,O and CO, mole fractions near
the stoichiometric value of the mixture fraction
gives clear evidence of the failure of the laminar
flame calculation that includes differential dif-
fusion to approximate the turbulent flame re-
sults. Changing the strain rate of the compared
flame would not alter this conclusion. The
agreement between the equal-diffusivity calcu-
lation and the turbulent flame data is remark-
able, particularly with regard to the H,0/CO,
ratio, suggesting that turbulent stirring has a
greater influence than molecular diffusion in
determining the major species mole fractions at
the jet flame conditions considered here. We
would not expect the conditional means in Fig.
10 or the measured H,O/CO, ratio to be altered
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Fig. 10. Measured conditional means at x/d = 30 in flame
A compared with the two types of laminar calculations for
a = 100 s~ full transport (dash lines) and equal diffusivi-
ties (solid lines). Indicated experimental uncertainties cor-
respond to the larger values in Table 1. The vertical dashed
line indicates the stoichiometric value of the mixture
fraction.

significantly by improved spatial resolution of
the measurements because the measurement
resolution is already smaller than the estimated
smallest scalar length scale at this location.

Figure 11 shows the streamwise evolution of
the conditional mean and rms fluctuation of
temperature and major species in the two
flames. Equal-diffusivity calculations are in-
cluded in each plot witha = 10 s ' ora = 100
s~ ! depending on which result better approxi-
mates the local measurements. (We did not run
additional calculations to obtain closer matches
at each location.) The values of scalar dissipa-
tion at the stoichiometric mixture fraction in
these two laminar calculations are y,, = 4.6s
and y, = 46 s~!, respectively. The measure-
ments are consistent with the expected trend of
decreasing strain and scalar dissipation rates
with increasing streamwise distance. It is also
evident that there are greater effects of finite
rate chemistry in flame A than in flame B,
especially at x/d = 20, where the conditional
mean temperature is significantly lower in flame
A than in flame B. There is some evidence of
differential species diffusion in fuel-rich por-
tions of both jet flames. In particular, the mea-
sured CO/H, ratio in fuel-rich mixtures is some-
what greater than indicated by the equal-
diffusivity results. Nevertheless, Figs. 9-11
support the conclusion that for all measured
locations in the present flames the equal-diffu-
sivity calculations yield better approximations of
the measure conditional means of temperature
and the major species mole fractions than do
the calculations that include differential diffu-
sion.

The conclusion that turbulent stirring has a
greater role than molecular diffusion in deter-
mining the conditional mean compositional
structure of the present flames is consistent with
the results of several experimental, theoretical,
and computational studies [e.g., 1, 2, 24, 27-33]
that point to a progressive reduction in the
effects of differential species diffusion as Reyn-
olds number increases or as one moves down-
stream in a turbulent jet or flame. Differential-
diffusion effects can be strong near the base of
a turbulent flame, particularly in cases where H,
is mixed with a heavier gas in the fuel stream
and the cold-jet Reynolds number is in the
neighborhood of 10,000 or lower [2]. It appears
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Fig. 11. Streamwise evolution of conditional statistics in the two jet flames. Solid curves show results of equal diffusivity
laminar flame calculations at strain rates of a = 10 s™! (x, = 4.6 s ) ora = 100 s7* (x = 46 s71).

that the Reynolds number is sufficiently high in
the present flames to allow turbulent stirring to
overshadow or “wash out” the influence of
differential diffusion on the conditional means
of the major species before the first measure-
ment location of x/d = 20 is reached.

The degree of differential diffusion may be
quantified by defining and comparing elemental

mixture fractions. Here, we define mixture frac-
tions for hydrogen and carbon as:

YC - Yc,1
Yc,z - YC,l ’

Yu—Yu,

F,=—">"
" YH,z - YH,l

and Fq=

where subscripts 1 and 2 refer to fuel and air
streams, respectively. A differential diffusion
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Fig. 12. Elemental mixture fractions, Fy; and F, and the
differential diffusion parameter, z, plotted versus the Bilger
mixture fraction. Results are from steady laminar flame
calculations with full transport at strain rates of a = 10 s™!
(solid), 100 s~* (long dash), and 400 s~* (short dash).

parameter,z = Fy; — F, can then be calculated
as the difference between these elemental mix-
ture fractions. Figure 12 shows calculated re-
sults for Fyy, F, and z plotted versus the Bilger
mixture fraction from steady laminar flame cal-
culations using the conventional Chemkin mo-
lecular transport package. Preferential diffusion
of H, toward the reaction zone causes a deficit
in hydrogen relative to carbon in region 0.55 <
Figer < 1, and there is a positive peak in z just
on the rich side of the stoichiometric condition.
These calculated flames show strong effects of
differential diffusion which are not very sensi-
tive to the applied strain rate.

In the experiments, z is determined by sub-
tracting two uncertain quantities that may have
similar values. It is, therefore, important to
consider the contributions of random and sys-
tematic errors in the differential diffusion re-
sults. A relatively simple test is to apply the
differential diffusion analysis to measurements
from the flat calibration flames, where differen-
tial diffusion is expected to be negligible be-
cause measurements are made in product gases
3 cm above the burner. Figure 13 shows results
for Fy, F¢, and z in each of the CO/H,/air
calibration flames, with mean values shown as
symbols and rms fluctuations (*=o) shown as
“error” bars. Note that the stoichiometric value
of the mixture fraction in the calibration flames
is lower than in the turbulent flames (Fp;,., =
0.179 versus Fp., = 0.295). On the fuel-lean
side, where results depend mainly on the H,O
and CO, Raman calibrations, z is nearly zero. In

1.0 1 0.2
FsmicE:o'179
o8 1 01
; o
o 06} ; w
i H '
. fﬂfﬁ%%}% 0.0 T
L 04t 1 U
: N
: 4 -0.1
0.2} i COM fair
calibration flame series
0.0 : : : 0.2
0 0.2 0.4 0.6 0.8 1
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Fig. 13. Mean and rms values of the elemental mixture
fractions Fy; (squares) and F (circles) and the differential
diffusion parameter z (diamonds) in the same CO/H,—air
flat flame calibration series as plotted in Figs. 1 and 2. The
stoichiometric value of the mixture fraction is lower than in
the turbulent flames because there is no N, dilution of the
fuel.

fuel-rich flames, where the calibrations for H,
and CO become increasingly important, z be-
comes slightly positive. The difference of the
averaged z from zero is within the bounds
corresponding to the estimated systematic un-
certainties for the CO and H, Raman measure-
ments. Note that uncertainties in flow meter
calibrations, which are typically £1% for each
gas, can contribute to nonzero z values. Results
in Fig. 13 indicate that we can expect uncertainties
of 0.02 to 0.03 in conditionally averaged values of
z in the turbulent flames. Fluctuations in Fyy, Fc,
and z in the calibration flames are due mainly to
shot noise in the species measurements.
Figure 14 shows the streamwise evolution of
Fy, Fe, and z in each of the two turbulent
flames. Here, again, the symbols show condi-
tional means, and the conditional rms fluctua-
tions are plotted as error bars. Several observa-
tions may be made. First, for the turbulent
flame conditions and locations considered in the
present experiments, the measured effects of
differential diffusion are much smaller than in
the laminar calculations. Second, the largest
differential diffusion effects are observed in the
richest samples at each streamwise location,
such that the conditional mean z is close to zero
for lean and near-stoichiometric samples, but
drops toward negative values at the fuel-rich
end of each data set. The measured magnitude
of z remains small relative to that in the laminar
calculations, and it is not completely clear that
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Fig. 14. Streamwise evolution of conditional mean values and rms fluctuations of F'; (squares), F - (circles), and z (diamonds)

in flames A and B. Note expanded scale for z.

the measured streamwise trends in z are signif-
icant relative to the accuracy of the measure-
ments. However, the fact that the negative dip
in z at the fuel-rich end appears consistently in
all plots, with the effect moving across the
mixture fraction coordinate, suggests that it is
not caused by systematic error in the Raman
calibrations or flow meter calibrations. The

observed streamwise evolution of the condi-
tional mean of z is believed to reflect a mixing
history that involves preferential diffusion of H,
out of the core of the jet near the flame base
[24], where heat release tends to laminarize the
flow, particularly at lower Reynolds numbers.
Once this initial deficit of hydrogen is created in
the richest samples, it appears to be preserved
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far downstream because the richest samples at
any streamwise location are those which have
been least affected by turbulent stirring.

A third observation regarding Fig. 14 is that
the conditional fluctuations in z tend to de-
crease with downstream distance. In fact, the
level of fluctuation atx/d = 50 is comparable to
the noise in measurements above the calibration
flames (Fig. 13), and any fluctuations in z that
exist near the tips of these jet flames are too
small to be measured accurately by the present
diagnostics. It is possible to subtract out (ap-
proximately) the shot noise contribution to the
conditional fluctuations of z, as done by Smith
et al. [24]. This procedure is based upon the
reasonable assumption that random errors in z
are statistically independent of the actual turbu-
lent fluctuations. The noise contribution can
then be determined from the rms fluctuations of
z obtained from the flat-flame calibration data.
However, we have not applied this procedure
here.

Larger differential diffusion effects are ex-
pected to be present closer to the nozzle, as
reported by Meier et al. [2] for nitrogen-diluted
H, flames and by Bergmann et al. [28] for
CH,/H,/N, flames. However, it is clear that the
influence of differential diffusion on major spe-
cies mole fractions is relatively small in the
present flames for x/d = 20 and that turbulent
stirring is sufficiently strong to make the effec-
tive turbulent diffusivities nearly equal for the
measured scalars. One might expect turbulent
combustion models built on an assumption of
equal diffusivities to perform well in predicting
these flames. Conversely, one would expect a
flamelet approach to perform poorly if the
flamelet library is based on calculations that
include full molecular transport.

Trends Related to Damkohler Number

Trends in the conditional means of each mea-
sured scalar may be related qualitatively to
changes in the relevant Damkohler number
(Da = Thow/Tenem) between the two flames or
among the different locations in a given flame.
Such trends have been reported and discussed
in many papers. We consider these trends in the
context of the present flames not because they
provide new fundamental insights but because

the quantitative prediction of these results con-
stitutes an important test of submodels for
mixing and for the coupling of turbulence and
chemistry.

A broad range of chemical reaction rates or
time scales is represented by these flames, in-
cluding the time scales associated with the bi-
nary reactions of the H,/O, system, oxidation of
CO, decay of OH through the three-body re-
combination reactions, and formation of NO via
the extended Zeldovich mechanism. There is
also a broad range of fluid-dynamic time scales
in these flames. At the simplest level one might
consider the convective residence time from the
nozzle to the measurement location (propor-
tional to x/U,.) and the local large-eddy time
scale [34-36], which is associated with the large-
scale strain rate (and arguably the large-scale
turbulent stirring process) and scales as
Tlarge-eddy & 61/2/(Uc - Ue)7 where 81/2 is the
half-width of the velocity profile.

While it may not be appropriate to assign
precise flow and chemical times in turbulent
flames, the consideration of Damkohler num-
bers based on representative time scales can be
useful in understanding the potential for cou-
pling between various flow processes and spe-
cific reactions or species. Consider CO oxida-
tion as an example. Drake and Blint [37]
tabulated chemical time scales (based on peak
forward reaction rates) for specific reactions in
laminar calculations of CO/H,/N, flames with
the same fuel volume fractions as used here. For
their case with @ = 10 s~ !, which Fig. 11 has
shown to be representative of conditions in
portions of the present jet flames, Tre ction 1S
given as 0.73 ms for the reaction CO + OH <
CO, + H. In the present experiments the
convective times range from roughly 3 ms (x/
d = 20, flame A) up to 10’s of ms, whereas the
local large-eddy times fall in the approximate
range of 0.3 ms (x/d = 20, flame A) to 5 ms
(x/d = 60, flame B). Taking 7 e ~ 0.73 ms for
CO oxidation and 7q,, ~ 0.7 ms from the
large-eddy time at x/d = 20 in flame B yields
Da o ~ 1. This suggests that CO oxidation may
be strongly coupled with large-scale mixing pro-
cesses. Qualitatively, the chemical times for CO
oxidation and radical recombination are com-
parable to flow times within the present flames,
the main path for H,O formation is fast relative
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Fig. 15. Conditional means of Xy o and Xy, in flames A
(upper) and B (lower) at streamwise locations x/d = 20
(circles), x/d = 30 (squares), and x/d = 50 (triangles).
Curves are plotted for the equal-diffusivity flame calcula-
tions at strain rates of @ = 10 s™! (solid), a = 100 s~!
(chain-dash), and a = 400 s ' (dash). Values of the scalar
dissipation at the stoichiometric condition in these three
laminar flames are x,, = 4.6 s7%, 46 s™!, and 184 s7,
respectively. Adiabatic equilibrium curves (short dash) are
included.

to fluid-dynamic times, and thermal formation
of NO is relatively slow. These relationships are
reflected in the measured conditional means, as
discussed below.

Figure 15 shows the measured condition
means of the mole fractions of H,O and OH at
streamwise locations of x/d = 20, 30, and 50 in
each of the two flames A and B. Curves repre-
senting adiabatic equilibrium conditions and
steady strained laminar flame solutions are also
plotted. The laminar flame curves correspond to
equal-diffusivity calculations with three values
of the strain parameter, a = 10 s~1 100 s~ 1,
and 400 s™! (x = 465 ', 465!, and 184 57",
respectively). The conditional mean of Xy  is
relatively insensitive to location, indicating that
H,O formation via the binary reactions is fast
relative to the fluid-dynamic time scales. The
relatively small differences in the Xy o curves
are believed to be controlled mainly by progress
of the slower radical recombination reactions.

0.20 2100
1800
0.15
o 1500
> : —
& 0.10 1200 <
Q ~
o
= 900
0.05
600
0.00 300
0.20 . . 2100
1 1800
0.15
o ~ 1500
%J P —_
» 0.10 S “ {1200 £
8 " co, i -
= Fieq 900
0.05 equil.
e 4 600
aico
0.00 Ay ey | -l Il L 300
0 01 02 03 04 05 06

Mixture Fraction

Fig. 16. Conditional means of Xo,, Xco, and 7 in flames A
(upper) and B (lower) at streamwise locations x/d = 20
(circles), x/d = 30 (squares), and x/d = 50 (triangles).
Curves are plotted for the equal-diffusivity flame calcula-
tions at strain rates of @ = 10 s~! (solid), a = 100 s™!
(chain-dash), and a = 400 s~' (dash). Values of the scalar
dissipation at the stoichiometric condition in these three
laminar flames are x,, = 4.6 s~', 46 s™!, and 184 s7,
respectively. Adiabatic equilibrium curves (short dash) for
Xco, and Xo are included in the lower graph.

The conditional mean of Xy changes signifi-
cantly from a peak of roughly twice equilibrium
at x/d = 20 in flame A to roughly 20% above
equilibrium at x/d = 50 in flame B. This result
indicates that the time scales for radical recom-
bination are comparable to time scales of the flow.

Figure 16 includes the corresponding results
for CO,, CO, and temperature. There is a
distinct progression in the conditional mean
results for X and X, as one moves down-
stream in a given flame or compares flames A
and B at a given value of x/d. At x/d = 20 in
flame A the CO and CO, levels are comparable
to those in a laminar flame at a moderate strain
rate between 100 and 400 s~ '. At x/d = 50 in
flame B the CO and CO, results fall between
the curves for equilibrium and for the a = 10
s~ ! strained laminar flame. Trends in the mea-
sured conditional means of CO, CO,, and OH
indicate a strong coupling between flow and
reaction (effective Damkohler numbers are of
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Fig. 17. Streamwise evolution of the conditional mean of
nitric oxide mole fraction in flame B.

order unity). Thus, the quantitative prediction
of the conditional statistics of these species is
expected to be a useful test of submodels for
coupling turbulence and chemistry.

Figure 17 shows the measured conditional
means of NO mole fraction in flame B. Thermal
NO formation is sufficiently slow that NO con-
centrations remain far below equilibrium every-
where in these flames (Dayno << 1). Conse-
quently, there is a steady increase in conditional
mean NO mole fraction as one moves down-
stream in each flame, so long as there is some
fluid within the NO-forming interval in mixture
fraction near the stoichiometric condition.

Radial Dependence of Conditional Means

All of the conditional mean results discussed
until now were generated using data from com-
plete radial profiles. Some radial dependence of
the conditional statistics is expected in turbulent
jet flames, but previous experimental studies
have indicated that this dependence is relatively
weak. Barlow and Carter [38] examined this
issue in hydrogen jet flames and reported that
the radial dependence of conditional means of
measured scalars was minor in the lower half of
the flames and negligible in the upper half.
Figure 18 shows conditional mean curves for
selected scalars from seven separate radial lo-
cations at x/d = 30 in flame A. The statistical
sample size is limited (typically 30 to 60 samples
per mixture-fraction bin), but these data con-
firm that there is only a relatively weak radial

dependence of the measured conditional means
at this location in flame A. OH shows the
greatest variation, with a spread of about 10%
between the different curves near the stoichio-
matic mixture fraction and larger percentage
differences for fuel-lean conditions.

Near the stoichiometric mixture fraction and
at lean conditions, the OH curves in Fig. 18 tend
to shift downward as radius increases from 5
mm to 15 mm. This is the region where the
radial gradient of the mean axial velocity is
steepest. Therefore, larger radius corresponds
on average to lower velocity, longer residence
time, and more time for the three-body recom-
bination reactions to bring OH levels down
toward equilibrium at a given mixture fraction.
Thus, the trend in Xy in Fig. 18 is consistent
with the effects of Damkdhler number discussed
above. The curves for X _ in Fig. 18 show some
separation near the stoichiometric condition,
and the CO, trend is also qualitatively consis-
tent with changes in Damkdohler number. CO,
mole fraction tends to increase with increasing
radius, corresponding to the increase in effec-
tive Damkoéhler number. Curves for the other
measured scalars are generally within +5% of
the result based on averaging all data from the
full radial profile, and such Damkohler-related
trends are less obvious.

The radial dependence of conditional means
is slightly greater at x/d = 20 in flame A (not
shown) than at x/d = 30 but less at all other
measured streamwise locations in the two
flames. These results indicate that for fully
connected simple jet flames, such as the present
cases, the assumption of radial independence of
conditional means is a reasonable approxima-
tion. One would not expect significant modeling
errors to result from the use of this assumption
in the context of conditional moment closure
(CMC) calculations of this type of flame. Simi-
larly, in the context of flamelet models, one
would not expect significant errors to result
from the use of a single value of the scalar
dissipation rate to represent the mean scalar
values at a given streamwise location. This latter
conclusion was already apparent from Fig. 11.
At the same time, the data confirm that in this
jet flame the radial dependence of conditional
means is greater than the axial dependence. For
example, a radial displacement of less than one
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Fig. 18. Conditional means of selected scalars determined at seven separate radial locations at x/d = 30 in flame A.

nozzle diameter from r = 3 mm to r = 7 mm
(Fig. 18) causes changes in X, and Xy at the
stoichiometric mixture fraction that are compa-
rable to the effects of moving more than 10
times that distance in the axial direction from
x/d = 20 to x/d = 30 (Figs. 16 and 17).

The conditional mean curves in Fig. 18 each
span a limited interval in mixture fraction be-
cause the mixing characteristics of this flame do
not bring all values of the mixture fraction to
any single location. Very lean samples do not
penetrate to the centerline, and the richest
samples do not stray far from the centerline.
The pdf’s of mixture fraction at each of the

radial locations shown in Fig. 18 are plotted in
Fig 19. Here, the pdf’s are not smooth be-
cause of the relatively small sample size of
800-1000 for each location, and they are
broadened somewhat by noise, the magnitude
of which can be estimated from the calibra-
tion results in Fig. 1. However, these pdf’s
serve to quantify the mixing statistics in these
flames, and they provide another important
point of comparison with turbulent combus-
tion models. Corresponding pdf’s for other
locations may be generated from the data
base [17], as radial position is tabulated in the
single-shot data files.
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Fig. 19. Pdf’s of mixture fraction at the seven locations from
Fig. 18.

Deviation from Partial Equilibrium

Partial equilibrium assumptions, when valid,
can be useful for combustion models and for the
analysis of experimental data because they allow
the concentrations of certain species that are
not calculated or measured to be derived from
those that are. If one or more of the rapid
binary reactions

H+0,&0H+0 (R1)
O+H,oO0H+H (R2)
OH + H, & H,0 + H (R3)
OH + OH & H,0 + O (R4)
H, + 0, & 20H (R5)

is in equilibrium, then a state of partial equilib-
rium exists, even if other slower reactions in the
system are far from being equilibrated. Note
that R5 is the sum of R1 and R2, rather than an
elementary reaction in itself.

Partial equilibrium of these reactions in lam-
inar and turbulent flames of various fuels has
been considered by many authors [5, 20, 24,
37-41, and references therein]. Detailed lami-
nar flame calculations have indicated that these
reactions are equilibrated, or nearly so, only at
temperatures above ~1700 K in hydrogen
flames and under more restrictive conditions in
methane flames. Barlow et al. [20] used reaction
R4 to determine O atom concentrations at
high-temperature conditions in a turbulent hy-
drogen jet flame, based on simultaneous mea-

surements of OH, H,O, and temperature. How-
ever, experimental verification of the conditions
under which partial equilibrium is achieved is
difficult because it requires accurate measure-
ments of temperature and multiple species.
Still, quantitative information on deviations
from partial equilibrium in turbulent flames is
expected to be useful for the process of evalu-
ating models for the coupling of turbulence and
chemistry and for understanding the limitations
of some reduced mechanisms.

Drake and Blint [37] provide an extensive
discussion of the structure of opposed-flow lam-
inar flames of CO/H,/N, fuel (same ratios as
used here), including effects of differential dif-
fusion, superequilibrium radical formation, and
deviations from partial equilibrium. The CO
oxidation reaction

CO + OH & CO, + H, (R6)

which is slower than the shuffle reactions R1-
RS, is an important heat release step in CO and
hydrocarbon flames. Combining R6 and R3
yields the water—gas shift reaction

CO + H,0 & CO, + H,, (R7)

in which all species are measured in the present
experiments. Drake and Blint [37] observed that
the water—gas shift reaction achieved partial
equilibrium in laminar calculations of CO/
H,/N, flames only at low strain rates and for
temperatures above 1900 K.

Here we consider deviations from partial
equilibrium in the turbulent flames and com-
pare the results with laminar flame calculations
at intermediate strain rates, which appear to be
representative of conditions within these turbu-
lent flames. For this purpose we define the ratio

Ry =([CO,][H2)/[CO][H,O])/KEo7,

where the species concentrations are either
measured or taken from the laminar flame
calculations and Kgq; is the equilibrium con-
stant for the water—gas shift reaction, R7. R, is
unity when this reaction is equilibrated. An
analogous ratio for the shuffle reaction RS may
be defined as

Ry =([OHP/[0,][H,])/Kos-

However, we do not report results on R, in the
present turbulent flames because the uncertain-
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Fig. 20. Results for the partial equilibrium ratios R,,, and R, and the temperature in laminar flame calculations (left) and
turbulent flame measurements (right) at the strain rates and streamwise locations indicated. The vertical dashed line

corresponds to the stoichiometric value of the mixture fraction.

ties are too large for the results to be quantita-
tively useful. The reason is that, for all condi-
tions in the present jet flames, at least one of the
species, OH, O,, or H,, is present only in low
concentration.

Figure 20 (left side) shows curves of R,,, and
R, versus mixture fraction for laminar flame
calculations at strain rates of @ = 10 s~ !, 100
s~1, and 400 s~!, with full transport and with
equal diffusivities. Corresponding curves of
temperature are also plotted. (Note that for the
full transport calculations the scalar dissipation
at the stoichiometric condition depends on the
definition of mixture fraction. The Bilger for-
mulation for mixture fraction yields scalar dis-
sipation values in the full transport cases that
are roughly 30% lower than those in the equal
diffusivity cases.) It is clear that deviations from
partial equilibrium in these laminar calculations
depend on stoichiometry and transport, as well
as on temperature. Consider first the shuffle
reaction RS5. Taking 10% deviation of R, from
unity as an arbitrary criteria for departure from
equilibrium, it is apparent that partial equilib-

rium of RS holds over a wider temperature
range when all species diffusivities are set equal
to the thermal diffusivity. Regardless of the trans-
port assumption, partial equilibrium of RS holds
to a lower temperature on the fuel-lean side than
on the fuel-rich side. On the fuel-rich side there
are significant differences between the curves for
the full-transport and equal-diffusivity calcula-
tions. The graphs on the right side of Fig. 20 show
the conditional mean curves of R, in turbulent
flames A and B at streamwise locations of x/d =
20, 30, 40, and 50. R, is not plotted for fuel-lean
mixture fractions because concentrations of CO
and H, become too low to be measured with
useful accuracy. The conditional rms fluctua-
tions in R, at x/d = 40 are plotted as error
bars (+0), and it is apparent that these fluctu-
ations increase rapidly as CO and H, disappear
near the stoichiometric mixture fraction.

In Fig. 21 the same results for R, in the
laminar and turbulent flames are plotted versus
temperature. The temperature coordinate make
even more obvious the influences of stoichiom-
etry and transport on departures from equilib-
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Fig. 21. Results for R, plotted vs. temperature for laminar flame calculations (left) and turbulent flame measurements
(right). Only fuel-rich results are plotted for the turbulent flames.

rium of the water—gas shift reaction in the
laminar flame calculations. There are distinct
lean and rich legs, and the curves are quite
different for the two transport scenarios. There
is not a clear asymptotic trend toward partial
equilibrium (R, = 1) at the highest tempera-
tures for the strain rates covered by these
laminar calculations.

Systematic uncertainty in the conditional
means of R, may be estimated at selected
points based on the individual uncertainties in
Table 1 and the sensitivity of the equilibrium
constant to error in the conditional mean tem-
perature. Errors in species and temperature are
assumed to be independent for this purpose.
For the conditions in flame A at x/d = 30 and
0.4 mixture fraction the uncertainty in R, is
estimated to be = 9% or about * 0.01, based on
lower values from Table 1. At a mixture fraction
of 0.6, the estimated uncertainty in R,,, roughly

doubles because temperatures are in the middle
of the range where the CO and H, calibrations
are interpolated and the higher uncertainties in
Table 1 apply. Uncertainty in R,,, also increases
as mixture fraction approaches the stoichiomet-
ric condition and the concentrations of CO and
H, become small. This trend is most obvious in
Fig. 20 at the fuel-lean ends of the curves for
x/d = 40 and x/d = 50 in flame B, where scalar
dissipation rates are lowest. Away from the
stoichiometric condition, the relative uncer-
tainty in comparing curves at different stream-
wise locations in the same flame depends on
calibration drift and is expected to be below 5%.

Within the limits imposed by these experi-
mental uncertainties, there are a few observa-
tions to be made regarding the conditional
mean results for R,,, in the turbulent flames.
First, there is no significant streamwise evolu-
tion within each flame in the partial-equilibrium
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behavior of the water—gas shift reaction. Sec-
ond, R, reaches a plateau between 1.1 and 1.2
at temperatures above 1700 K. The failure of
the measured values to approach unity at the
highest measured temperatures may result from
errors in background and crosstalk corrections
that become important when concentrations of
CO and H, become small. Third, with the
exception of these near-stoichiometric results,
the conditional means from the turbulent
flames fall between the curves for the full-
transport and equal-diffusivity calculations. Fi-
nally, partial equilibrium of the water—gas shift
reaction does not appear to be a good approx-
imation for these jet flames. If it is achieved at
all (within 10%), partial equilibrium of the
water—gas shift reaction will only hold for a
small fraction of conditions in these flames.

CONCLUSIONS

Detailed scalar measurements have been re-
ported for two simple turbulent jet flames of
CO/H,/N, fuel (40%/30%/30%) having the
same Reynolds number of 16,700 but different
nozzle diameters. The flames are both fully
attached, and there is no evidence of localized
extinction at the measured locations or of the
penetration of oxygen into the jet core due to
lift off or extinction near the flame base. These
results, combined with the three-component
velocity measurements reported separately by
Flury [16], are believed to constitute the most
complete data set available for this type of
flame. With regard to the systematic evaluation
of turbulent combustion models, these geomet-
rically simple flames represent a modest incre-
ment in chemical kinetic complexity over hydro-
gen jet flames, and they may be addressed by a
wide range of nonpremixed combustion models.
The complete data archives, including both
mole fractions and mass fractions, have been
made available on the Internet to facilitate
comparisons with model calculations. Aspects
of the measured results have been presented
and discussed in terms of their relevance to the
testing of turbulent combustion submodels. The
main conclusions of this study are as follows:
Axial and radial profiles of Favre-averaged
temperature and major species mole fractions

R. S. BARLOW ET AL.

are similar when distance is scaled by the nozzle
diameter. However, at a given streamwise dis-
tance, x/d, the OH levels are lower and the NO
levels are higher in the larger flame, due to the
lower scalar dissipation rates and longer resi-
dence times.

Comparisons with two types of laminar flame
calculations have shown that the conditional
means of major species mole fractions in the
turbulent flames are better approximated by lam-
inar flame calculations that prescribe equal diffu-
sivities. This indicates that turbulent stirring has a
greater influence than molecular diffusion in
determining major species mole fractions for
the flow conditions and measurement locations
considered in the present experiments.

Analysis of elemental mixture fractions of
hydrogen and carbon and of the differential
diffusion parameter z, defined as the difference
between these elemental mixture fractions, has
confirmed that differential diffusion effects in
the turbulent flames are small compared to those
in laminar flames computed with the usual
Chemkin treatment of molecular transport.

The streamwise evolution of conditional means
of CO, CO,, and OH in each flame, as well as the
differences in the two flames between conditional
means of these species at a given streamwise
location, x/d, indicate a strong coupling between
time scales of the flow and time scales of the
reactions that control departure of these species
from equilibrium (effective Damkohler number of
order unity). Thus, the quantitative prediction of
conditional statistics of CO, CO,, and OH in these
flames is expected to be a useful test of submodels
for coupling turbulence and chemistry.

There is some radial dependence of the con-
ditional means of measured scalars in these
flames, and this dependence is consistent with
considerations of the effective Damkohler num-
bers of the reactions controlling those species.
However, the radial variations in conditional
means remain relatively small, such that statis-
tics based on data from a complete profile yield
a reasonable representation of scalar structure.

Partial equilibrium of the water—gas shift
reaction is not achieved in these flames (greater
than 10% deviation), except perhaps in the
small fraction of samples corresponding to the
highest temperatures.
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